Abstract-Present study shows the development of integrated rain drop size distribution (DSD) model and gives a comparative study with DSDs of different regions in India. This work is useful for estimation of rain induced attenuation. Rain data of five different regions (Ahmedabad, Shillong, Thiruvananthapuram, Kharagpur and Hasan) was used for this work. Attenuation characteristics are different for different regions because DSD varies according to the climatic conditions. Development of DSD model for each location is not feasible. It is a demand to develop a integrated DSD model which gives the tolerable error in DSD for different regions, so that, it can be adjusted in fade margin of the communication system. The result of this work shows the good correlation between the proposed integrated DSD model and DSDs of different regions.
INTRODUCTION
The rapid growth in demand for wider bandwidth in communication systems has put pressure on communication engineers to develop systems operating at higher frequencies. However, the reliability and performance of radar and space communication links are reduced by atmospheric particles [1] such as oxygen, ice crystals, rain, fog, and snow [2] . At frequencies above 10 GHz the rainfall can cause several decibels of attenuation resulting into a long outage time, thus affecting reliability of communication link. Rain induced attenuation at higher frequencies is generally considered to be solely a function of frequency and rain fall intensity, with observed variability attributable to differences in rain drop size distribution (DSD), temperature differences and non-spherical shape of the rain drops. The variability due to rain drop size distribution alone (holding all other parameter constant) ranges between 5% to 33% standard deviation about the mean [3] . Therefore, worldwide measurements have been carried out on DSD using disdrometer [4] [5] [6] [7] . From the various studies done on DSD, it is now well established that the distribution of the drop sizes falling at particular rain intensity varies from place to place depending on meteorological conditions [8] [9] [10] . Das et al. [8] developed separate DSD models for each region as mentioned in present study and show significant differences between ITU-R model and DSD models derived attenuation values. In present study a integrated DSD model was developed for estimation of specific attenuation (dB/km) by using eleven station year data. It is based on calculation of Mie scattering coefficients and extinction cross section of water drops of different diameters as suggested in [11] and can be used for different climatic regions at different rain rates and frequencies.
Various rain drop-size distributions like exponential, gamma and lognormal have been reported in the literature by many authors like Marshall and Palmer [12] , Joss and Waldvogel [13] , Joss and Gori [14] , etc. It is found that, in tropical regions, the DSD represented by gamma [15] [16] [17] and lognormal [18] [19] [20] functions are better suited than the exponential function. Some measurements have been carried out in tropical region like Singapore [6] , Brazil [21] , Malaysia [22] , Israel [18] and Nigeria [23] where rain characteristics are different from those of temperate climate. So these countries have developed their own DSD and rain induced attenuation model for the calculation of accurate fade margin. However, it is found that the lognormal distribution is suitable for tropical regions like India [24] [25] [26] . Therefore, in the present study lognormal distribution is used for developing DSD model.
DATA COLLECTION AT DIFFERENT SITES
The disdrometer data of different stations as mentioned in Table 1 are analyzed in the present study. A Joss-Waldvogel impact type disdrometer (RD-80) (Joss and Waldvogel, 1967) , manufactured by M/s Distromet Ltd., Switzerland, has been used for data collection. The measurements of DSDs were taken with a temporal variation of 30 seconds for better resolution of rain rates. The sampling area of the outdoor unit measures 50 cm 2 and the indoor unit consists of an analyzer ADA-90. It converts vertical mechanical moment of the drops into electric pulses. The fall velocities of the drops with diameter corresponding to each drop class, ∆D i , have been taken as suggested by Gunn and Kinzer [27] . The specifications of disdrometer are mentioned in Table 2 . The disdrometer has certain limitations as far as counting the smaller drops are concerned, this is because of dead time error but the effects of these smaller drops are less on rain attenuation and are within 5% error limit [28] . The disdrometer was installed at the roof top of a building (5 m high) to minimize the known sources of error like acoustic noises [8] . The location of Space Applications Centre (SAC) is such that the area is free from any industrial or acoustic noise.
DATA ANALYSIS

Data Formatting
Rate of rain fall (mm/hr) was evaluated by calculating the total volume of water collected by the sensor of disdrometer during 30 sec. interval [29] . There are some events when rain rate is less than 1 mm/hr but those are not accounted here because they are not of much significance from the attenuation point of view. Many authors [19, 20] have suggested exponential increase in the width of the rain classes, as the rainfall duration is maximum at the low rain rates and decreases exponentially with increasing rain rate. The minimum and maximum rain rates are taken as less than 0.005 and 100 mm/hr respectively. Tokay and Short [28] 
where N i is the number of drops with averaged diameter D i (mm); A is the surface area of sensor (50 cm 2 in present case); T is the sample time interval (0.5 minute); v i is the terminal velocity of the rain drops with diameter D i , as mentioned in Table 2 ; and ∆D i is the channel width of the disdrometer with averaged diameter D i . The values of N (D i ), for all the twenty drop diameter classes were computed for all the fourteen averaged rain rates.
Modeling of DSD
The expression for lognormal distribution is:
with parameter D g , σ and N T · D g is the geometric mean of drop diameters, σ represents the standard geometric deviation, which is a measure of the breadth of the spectrum and N T is the total number of drops/m 3 . Expression for lognormal distribution (2) is reproduced as:
where,
A, B and C in (3) are fit parameters of the lognormal distribution, which can be deduced, as per their definitions, from the disdrometer data by using following relations [18] : where N T is the number concentration (m −3 ) in the observed spectrum and N i the number of drops in size category D i . The values of N T , ln D g and ln σ of eleven station year data of lognormal distribution for different rain rate ranges are given in Table 3 . The numbers of rain samples falling in each rain class are also shown there in. The values of the fit parameters A, B and C as mentioned in (4), (5) and (6) were estimated for each rain rate range and have been plotted in Figs. 1(a), (b) and (c) . The values of fit parameters A, and B are found to vary almost linearly with exponential increase in rain rate where as the parameter C is almost constant [19] . The variation of fit parameters A, B and C with rain rate has been studied using the Table Curve software. The best fit equations have been found as:
where A 0 , A 1 , B 0 , B 1 , and C are the fit parameters, and R is the rain rate. Insertion of (9), (10) and (11) in (3) gives the required DSD Table 4 . The value of parameter C (ln σ) has been taken as 0.4 for DSD modeling though the experimental values change with rain rate as shown in Table 3 . No perceptible variation in DSD model could be noticed by considering the variation. For example change in correlation coefficient from 0.98899 (Table 4 ) to 0.98292 was observed for Kharagpur 2007 data when value of C was changed from 0.4 to actual experimental value of 0.377654.
CUMULATIVE DISTRIBUTION OF RAIN RATE STATISTICS
Analysis of rain rate exceedance characteristics gives the information regarding the rain rate of 0.01% time of the year to achieve 0.01% link reliability [8, 26] . The annual rain rate exceedance curves have been plotted in Fig. 1(d) . From the Fig. 1(d) it is observed that the rain rate exceeded for 0.01% of the time varies from 50 mm/hr to 100 mm/hr for different locations. This inference is very important for designing the millimeter wave links in different regions of the country. Table 5 shows large variations in the yearly rain rate exceeding 0.01% of the time. In case of station Kharagpur, the variation is too high 55 mm/hr in 2006 and 102 mm/hr in 2007. It is therefore necessary to have data of many years at each station to develop reliable drop size distribution (DSD) Model as well as for the study of rain attenuation statistics. However there is good correlation between experimental data and integrated DSD model. Therefore integrated DSD model can be used for different stations in the country with fair amount of accuracy.
VALIDATION OF DSD MODEL
To validate the integrated DSD model, the experimental data of rain rate bins corresponding to the 0.01% of the time rain rate as shown in Table 5 , have been plotted over the integrated DSD model in Fig. 2 using A, B and C values obtained from Equations (9), (10) and (11) . The correlation coefficients, between integrated DSD model and experimental values of N (D), have been shown in Table 5 . The values of correlation coefficients have been found to lie between 0.94868 and 0.99096 which shows very good correlation between the proposed integrated DSD model and the experimental data. 
CONCLUSIONS
Good correlation between proposed integrated DSD model and DSD of different regions at rain rate of 0.01% time of the year has been observed. This indicates that integrated DSD model can be used for the estimation of rain induced attenuation at millimeter wave frequencies and there is no need to develop regional DSD models. Large temporal variations have been observed in the rain rate statistics at the same place. It is proposed further that, similar study should also be carried out for central and northern regions of India. Such data is essential for designing the reliable millimeter wave communication links, meeting the desired percentage reliability criterion, for different meteorological regions of the country.
